Next-generation spintronic applications require material properties that can be hardly met by one material candidate. Here we demonstrate that by combining insulating and metallic magnets, enhanced spin-charge conversion and energy-efficient thermal spin currents can be realized. We develop a nanowire device consisting of an yttrium iron garnet and permalloy bi-layer. An interfacial temperature gradient drives the nanowire magnetization into auto-oscillations at gigahertz frequencies. Interfacial spin coupling and magnetoresistance of the permalloy layer translate spin dynamics into sizable microwave signals. The results show prospect for energy-efficient spintronic devices and present an experimental realization of magnon condensation in a heterogeneous magnetic system.
Energy-efficient control of spin dynamics 1 and sizable spin-charge conversion 2 are central topics of spintronic research. Magnetic insulators have recently risen as promising material candidates for spintronic applications. [3] [4] [5] They possess low magnetic damping and thus reduce energy dissipation. 6, 7 The low thermal conductivity of magnetic insulators, once viewed as a challenge for heat management, bears an opportunity for spintronic devices via heat recycling. Interfacial heat flow in ultra-thin bi-layers of the ferrimagnetic insulator, yttrium iron garnet (YIG), and platinum has recently been shown to inject a spin current sufficient to induce autooscillations of YIG magnetization, 8 creating a spin-torque oscillator driven by waste heat.
While magnetic insulators help to avoid shunting of electrical currents, they possess no intrinsic means of spin-charge conversion and rely on proximity-mediated effects. 2, 9 In YIG/Pt systems, the spin Hall magnetoresistance allows for read-out of spin information. However, it is rather small (typically 10 −1 -10 −2 %), 8, 10 which presents an obstacle for integration of insulators in reliable spintronic applications. Metallic ferromagnets, on the other hand, possess intrinsic, sizable spin-charge effects based on spin-orbit interaction, which can be employed for electrical read-out of static and dynamic magnetic states. [11] [12] [13] Recently, these spin-charge effects have received much attention as tunable sources of spin currents. [14] [15] [16] Spin injection using anomalous Hall effect, [17] [18] [19] planar Hall effect, 20 rotational-symmetry spinorbit effect 21 in multilayers, and spin-orbit torques in a single ferromagnetic layer 22 have been experimentally realized.
Here, we propose to exploit the virtues of insulating and metallic magnets and fabricate nanowires from thin film bi-layers of YIG and permalloy (Py=Ni 80 Fe 20 ). We find that spin coupling at the metal-insulator interface and anisotropic magnetoresistance (AMR) in Py allow for electrical read-out of spin dynamics in YIG. Furthermore, application of interfacial temperature gradient from ohmic heating drives the nanowire into magnetic autooscillations which translate into sizable microwave signals. Our findings demonstrate that nanoscale heterostructures based on a combination of metallic and insulating magnets offer both sizable spin-charge conversion and thermal spin-torques, thus enabling next-generation energy-efficient spintronic applications. The observed auto-oscillations, moreover, show an experimental realization of magnon condensation 23 in a two-magnet system with hybridized spin wave modes.
Using sputtering deposition, 24 we prepare multilayer thin films consisting of Gd 3 Ga 5 O 12 (GGG substrate)/YIG(20 nm)/Py (5 nm)/AlOx(2 nm). The top layer prevents Py from oxidation. By means of negative ebeam lithography and ion milling, we fabricate nanowire devices (180 nm width, 3.4 µm length) which fan out into sub-millimeter 8 large electric leads ( Fig. 1a ).
We apply a large magnetic field H = 1.6 kOe in the sample plane and measure the device resistance as a function of field angle ϕ with respect to the nanowire axis ( Fig. 1b ). All measurements are carried out in a cryostat at 77 K thermal bath temperature. As expected for the anisotropic magnetoresistance of Py, 25 the resistance follows R = R 0 + ∆R cos(2ϕ)/2 behavior, where R 0 = 1127 Ω and ∆R/R 0 = 1.24% is the magnetoresistance ratio. Figure 1c shows the device resistance as a function of the magnetic field. Again as expected, 25 in the hard axis (at ϕ = 90 deg due to the shape anisotropy of the nanowire) the curve is bell-shaped and in the easy axis (ϕ = 0 deg) the curve is V-shaped. However, large resistance drops near zero-field and incomplete saturation in the easy axis suggest some coupling of YIG and Py spins at the interface.
The presence of interfacial spin coupling is anticipated to have an impact on the spin wave spectrum of the device. [26] [27] [28] [29] [30] [31] [32] While zero cou- pling should leave individual spin wave spectra of YIG and Py layers nearly unchanged (except for the dipolar interaction), strong coupling should significantly hybridize and delocalize the spin waves over both, YIG and Py, layers and can lead to spin wave modes of acoustic and optical type. 26 To evaluate the spin wave spectrum, we carry out spin-torque ferromagnetic resonance (ST-FMR) measurements near the hard axis with field modulation 33 on the nanowire shown in Fig. 1a . Figure 2a presents one group of spin waves as a function of frequency and field. This group is dominated by two modes labeled '1a' and '1b'. The spin wave spectrum is not only determined by the coupling between YIG and Py, but also by the nanowire dimensions. We thus carry out ST-FMR on a much shorter nanowire (displayed in inset of Fig. 2d ). As shown in Fig. 2b , the frequency-field data presents one spin wave mode, labeled '1', similar to the spin waves observed in the longer nanowire. At higher frequencies, another spin wave mode, labeled '2' is found.
To assess the nature of these spin waves, we perform micromagnetic simulations using typical material parameters of YIG and Py (Supporting Information). We find the best agreement between experiment and micromagnetics for A int = 0.4 pJ/m -a moderately large, ferromagnetic-type coupling at the interface. The spin waves of the lower-frequency group ('1a' and '1b') are predominantly localized in the YIG layer. They correspond to the normal spin wave eigenmodes 25,34 of a nanowire (see Supporting Information) -the number of nodes increases with increasing frequency. The higher-frequency mode ('2') corresponds to the lowest-order eigenmode of the nanowire, but is predominantly localized in the Py layer. Due to the symmetry of excitation field in the FMR experiment (Oersted field of the Py layer), the group '2' and higher-order spin waves of the group '1' are very weakly excited, 25 and thus not visible in Fig. 2a .
Micromagnetic analysis reveals that spin wave modes at lower frequencies, while delocalized over both layers, are more strongly excited in one layer (see Supporting Information). For instance, the mode '1a' is predominantly localized in YIG, but also drags the magnetization of Py. Such delocalization allows for detecting this mode electrically via magnetoresistance of Py. While at low frequencies, the magnetizations of YIG, M YIG , and Py, M Py , precess nearly in-phase (acoustic modes), with increasing frequency the phase difference approaches π (optical modes). Moreover, the delocalization increases, and the spin wave mode become strongly hybridized.
To explore the possibility of manipulating the spin dynamics of the two-magnet devices, we analyze the ST-FMR linewidth, which is representative of the effective damping. The linewidth of the lowest mode '1a' of the long nanowire is shown in Fig. 2c as a function of electric DC current sent through the Py layer. The linewidth decreases for both polarities of the bias current in the easy axis ϕ = 0 deg. The observed decrease of the damping cannot be explained by any known spin-orbit torque generated by electric current in Py 15 (Supporting Information): (i) In particular, the spin Hall effect produces a spin current with polarization σ parallel toŷ and thus 11 does not contribute to damping-like torque (∝ M YIG × M YIG × σ) in easy axis. (ii) The Anomalous Hall torque [17] [18] [19] is zero for parallel orientation of electric current and Py magnetization, which is the case for easy axis. (iii) The Planar Hall torque 20 is zero when magnetization lies in the film plane. (iv) The Rotational-Symmetry torque proposed in Refs. 15, 21 is zero for parallel orientation of YIG and Py magnetizations. Furthermore, spin-orbit torques are generally odd in electric current and cannot explain the symmetric behavior shown in Fig. 2c .
On the other hand, ohmic heating in the Py layer is nearly quadratic in electric current. Using finite-element simulations (Supporting Information), we estimate a notable temperature gradient across the layers of ∼ 0.3 K/nm at ∼ 1.8 mA for the long nanowire. The temper-ature gradient generates an anti-damping spintorque via spin Seebeck effect, 8, [35] [36] [37] that is independent of the DC current polarity, consistent with the data in Fig. 2c . In the short nanowire, the heat easily dissipates into the adjacent electrical leads, which reduces the temperature gradient to ∼ 0.004 K/nm. With such a small temperature gradient, the spin Seebeck torque is negligible. The linewidth of the lowest spin wave mode in Fig. 2c therefore depends linearly on the electric current, which is characteristic for spin-orbit torques (described above).
The linewidth of the long nanowire in Fig. 2c can be extrapolated to zero at about approximately 1.6 mA, marking the critical current at which the intrinsic damping of the lowest spin wave mode is fully compensated by the spin Seebeck torque. Once the intrinsic damping is compensated, the magnetization transitions into auto-oscillations in the absence of external microwave drive. 38 The auto-oscillations are translated into electric signals via the effective magnetoresistance of the nanowire. 8 We supply electric DC current to the long nanowire and measure the microwave signal emitted from the device (into a microwave circuit, 8 as described in Supporting Information). In Fig. 3a , the signal detected at 3.0 GHz is shown as a function of the magnetic field and DC current for the easy axis. We find that at low currents, the signal is nearly zero indicating only weak thermal excitation of the spin waves. Above the current of approximately 1.8 mA, a sudden onset of the microwave signal is observed, which is characteristic of autooscillations. 38 By comparing the frequency-field relation of spin waves from auto-oscillations and from the ST-FMR experiment, we identify the lowest modes predominantly localized in the YIG layer to participate in auto-oscillations. With increasing current (around 2 mA), the emission field shows a strong non-linear shift, which again is indicative of the auto-oscillatory regime. 8, 38, 39 The microwave emission data, shown in Fig. 3a for the easy axis and in Fig. 3b for the hard axis, present similar critical currents for the onset of auto-oscillations. Inversion of magnetic field direction (Supporting Information) does not notably change the critical current, as well. The isotropy of the critical current further supports our conclusion -in the long nanowire, isotropic 8 thermal spin-torque due to spin Seebeck effect is strong and drives the auto-oscillations, while spin-orbit torques are significantly smaller. For the short nanowire, nearly free of the spin Seebeck effect, the critical current can be estimated to over 10 mA, based on the ST-FMR linewidth in Fig. 2c . Indeed, we observe no microwave emission from this device in the experimentally accessible current range.
The emergence of thermally driven magnetic auto-oscillations observed here can be understood as a manifestation of bosonic condensation of incoherent magnons into a coherent low-frequency magnon state. In order to reach the threshold of this instability, the thermal magnons need to be pumped to the chemical potential exceeding the natural frequency of the coherent low-frequency mode. 23, 36, 40, 41 Raising the chemical potential in one of the ferromagnet (here, YIG) by a heat flow from another one (Py), in two-magnet heterostructures, presents a conceptually novel scenario for magnetic autooscillations.
In Ref. , 42 Bender et al. proposed a theoretical model for generating thermal spin currents between two ferromagnetic layers separated by a nonmagnetic metallic spacer. A temperature gradient across the layers injects a spin flow from the warmer ferromagnet into the spacer (raising its electronic spin accumulation), which is then transmitted downstream into the colder magnet. In our bi-layer system, the spacer is missing, so that the spin angular momentum is driven directly across the interface between the magnetic layers. Magnetic and possibly also magneto-elastic hybridization across the interface could result in an enhancement of the effective magnonic spin accumulation induced in the YIG layer, facilitating the onset of the condensation instability.
The underlying transfer of the spin angular momentum from the incoherent to the coherent spin precession can formally be also understood in terms of an anti-damping torque entering in the equation of motion for the latter, in proportion to the chemical potential of the incoherent magnon gas. 43 The chemical potential is zero in equilibrium but can be raised or lowered, depending on the orientation of the heat flux between the magnetic layers. We generically expect the hotter (colder) side to correspond to the decrease (increase) of the magnon chemical potential. 44 Thermal spin-torque in heterogeneous systems, such as two-magnet systems investigated here, has so far remained unexplored experimentally and theoretically. We consider two possible microscopic mechanisms contributions to the torque: (i) Spin waves are excitations of magnetic moments residing in the d -electrons, which are coupled by s-d exchange with conduction electrons in Py. 45 The conduction electrons thus possess a higher temperature than spin waves which are delocalized over both, warmer and colder, layers. The conduction electrons serve as a source of energy and angular momentum and populate magnons in the nanowire beyond their thermal equilibrium, thus exerting a thermal spin-torque similar to the conventional spin Seebeck in YIG/Pt. In the twomagnet system, however, the spin Seebeck effect is different in that a temperature difference between the magnonic and electronic subsystems within one heterogeneous magnetic system creates the anti-damping torque. (ii) Since the spin waves at higher frequencies show a higher degree of delocalization, they are more susceptible to thermal excitations in the Py layer. The energy and angular momentum of higher-frequency magnons redistribute to the lower-frequency magnon states, creating a population beyond thermal equilibrium and exerting thermal spin-torque. 23, 36, 40, 41 While our results demonstrate thermal spintorque to be responsible for damping modification and auto-oscillations, they do not allow for quantitative comparison of contributions due to the (i) magnon-electron and (ii) magnon-magnon mechanisms. However, the temperature gradient needed to reach autooscillations in our two-magnet nanowires and YIG/Pt nanowires of Ref. 8 are similar. This allows for a conjecture that the magnon-magnon mechanism, which is only present in twomagnet systems, is unlikely more effective than the magnon-electron mechanism. The delocalized nature of spin waves offers an effective means for spin-charge conversion in applications based on magnetic insulators. We estimate the power spectral density of the emitted microwave signal from auto-oscillation to ∼1 pW MHz −1 which is three orders of magnitude higher than electrical signals obtained on YIG/Pt systems.
In conclusion, we find that heterostructures based on a combination of metallic and insulating magnets bear a great promise for nextgeneration spintronic applications. Via interfa-cial spin coupling, magnetization dynamics in magnetic insulator translates into magnetization precession of the ferromagnetic metal. Inherently large magnetoresistance in ferromagnetic metal allows converting this magnetization dynamics into sizable electric signals. With a moderate interfacial spin coupling, the lowerenergy spin wave modes are predominantly localized in one layer, while higher-energy modes show an increased level of hybridization and delocalization. Heat flow due to the temperature gradient across the layers leads to magnon condensation into the lower-energy modes, driving the magnetization into auto-oscillations. We demonstrate that a two-magnet system can be used to realize thermally driven spin-torque nano-oscillators. The results show a prospect for energy-efficient spintronic devices and advance our understanding of magnon thermodynamics in heterogeneous magnetic systems.
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Supporting Information Table S1 : Overview of some spin-orbit torques acting on YIG magnetization in the YIG/Py bilayer system, based on previous works. The damping-like torque considered here is exerted via an effective spin current. The spin current is described by the tensor product of spin polarization and spin flow direction σ ⊗ I σ . The spin current is generated in Py or at the interface. The damping/antidamping effect changes (odd) or maintains (even) sign under field reversal in the two-magnet nanowire (the field above remanence is assumed). The damping/antidamping effect vanishes for specific configurations of the magnetizations. a) Refs. ; Figure S3 : Microwave emission from the long nanowire at negative fields. The sample is wirebonded to a co-planar waveguide, and the emitted microwave signal is passed through co-axial microwave cables to a bias-tee, pre-amplifier, and spectrum analyzer. The measurements are carried out using field modulation and single-frequency detection, as detailed in Ref. 12 (a) Easy-axis emission. (b) Hard-axis emission. The normalized detected voltage V is proportional to the spectral power density. Emission spectra very similar to those detected at positive external fields are observed.
